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ABSTRACT
The IceCube (IC) collaboration recently reported the detection of TeV-PeV extraterrestrial neu-
trinos whose origin is yet unknown. By the photon-neutrino connection in pp and pγ interactions,
we use the Fermi-LAT observations to constrain the origin of the IC detected neutrinos. We find
that Galactic origins, i.e., the diffuse Galactic neutrinos due to cosmic ray (CR) propagation in the
Milky Way, and the neutrinos from the Galactic point sources, may not produce the IC neutrino flux,
thus these neutrinos should be of extragalactic origin. Moreover, the extragalactic gamma-ray bursts
(GRBs) may not account for the IC neutrino flux, the jets of active galactic nuclei may not produce
the IC neutrino spectrum, but the starburst galaxies (SBGs) may be promising sources. As suggested
by the consistency between the IC detected neutrino flux and the Waxman-Bahcall bound, GRBs in
SBGs may be the sources of both the ultrahigh energy, & 1019eV, CRs and the 1− 100 PeV CRs that
produce the IC detected TeV-PeV neutrinos.
Subject headings: cosmic rays - neutrinos: diffuse background - gamma rays
1. INTRODUCTION
Recently, IceCube (IC) reports the detections of two
PeV neutrinos (Aartsen et al. 2013) and 26 sub-PeV
additional events (IceCube Collaboration 2013) within
two years operation of IC-79 and IC-86. In compar-
ison with the expected number of 10.6 events from
atmospheric muons and neutrinos, the observed flux
corresponds to an excess with a signification of 4.3σ
(IceCube Collaboration 2013). This may mark the first
detection of high energy (> TeV) extraterrestrial neutri-
nos. Later on the three years of IC data improve the sig-
nification up to 5.7σ (Aartsen et al. 2014a). These neu-
trinos are consistent with a flat energy spectrum, equal
flavor ratio of 1:1:1 and isotropic sky distribution. The
single flavor intensity of these extraterrestrial neutrinos
is
E2νΦν,IC ≈ 10
−8GeVcm−2s−1sr−1, (1)
corresponding to a 4π all sky integrated flux of
E2νJν,IC ≈ 1.2× 10
−7GeVcm−2s−1, (2)
from 60 TeV to 3 PeV energy range, and there is a lack
of detected > 2 PeV neutrinos.
There are many scenarios that have been discussed
regarding the origin of these extraterrestrial neutri-
nos, both Galactic and extragalactic models. The
Galactic origins include the point source contribution
(Fox et al. 2013), and extended and diffuse sources
due to Galactic cosmic ray (CR) interaction with the
interstellar medium (ISM) during their propagation
(Gupta 2013; Neronov et al. 2013; Ahlers & Murase
2013; Razzaque 2013; Joshi et al. 2014; Lunardini et al.
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2013; Guo et al. 2013). Taylor et al. (2014) even pro-
pose the diffuse neutrinos from an extended Galactic
halo. By assuming Galactic origin, the IC detected
neutrinos have been used to constrain the Galactic CR
sources (Anchordoqui et al. 2013). On the other hand,
extragalactic sources, e.g., gamma-ray bursts (GRBs)
(Liu & Wang 2013; Murase & Ioka 2013), active galac-
tic nuclei (AGNs) (Stecker 2013; Murase et al. 2014),
and star forming galaxies (He et al. 2013; Liu et al.
2013; Tamborra et al. 2014) have been discussed, as well
as extragalactic diffuse neutrinos due to CR propaga-
tion in cosmic background photons (Laha et al. 2013;
Roulet et al. 2013; Kalashev et al. 2013). The IC de-
tection, assuming extragalactic origin, has been used to
constrain the extragalactic CR source physics, e.g., the
CR spectrum (Murase et al. 2013), the production rate
density (Katz et al. 2013), and the physical condition of
the CR accelerators (Winter 2013).
The Fermi-Large Area Telescope (LAT) provides a sur-
vey of the γ-ray sky from 30 MeV to several hundred
GeV with a sensitivity more than an order of magni-
tudes surpassing its predecessor EGRET. Many more
point sources, as well as more precise diffuse γ-ray back-
ground, have been detected by LAT. The Fermi-Gamma-
ray Burst Monitor (GBM) complements the LAT in its
observations of transient sources, especially gamma-ray
bursts (GRBs). In this paper we will use the γ-ray obser-
vations of Fermi-LAT and GBM to constrain the Galactic
and extragalactic origins of the IC detected neutrinos, by
assuming the γ-ray and neutrino connection and extrap-
olation of the γ-ray spectra.
The organization of the paper is as following. In sec-
tion 2 we discuss the Galactic models, including the dif-
fuse neutrino emission from CR interactions with ISM
and extended halo matter (section 2.1) and the neutri-
nos from Galactic point sources (section 2.2). Our con-
straint does not favor these Galactic sources. In section
3, we discuss the extragalactic model, especially the GRB
neutrino model. Combining with the LAT constraints of
triggered GRBs, we do not favor GRB model either (sec-
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TABLE 1
The γ-ray flux at 100GeV in different Galactic regions
observed by Fermi-LAT.
Galactic region E2
γ
Φγ(100GeV) Solid Angle ∆Ω
(MeVcm−2s−1sr−1) (sr)
Local Galaxy 3.552 × 10−4 10.82
Inner Galaxy 3.748 × 10−3 0.7773
Outer Galaxy 9.517 × 10−4 0.9716
Note. — The Galactic latitudes and longitudes of the three
defined regions are: |b| > 8◦ (local Galaxy); |b| ≤ 8◦ and l < 80◦
or l > 280◦ (inner Galaxy); |b| ≤ 8◦ and 80◦ < l < 280◦ (outter
Galaxy).
tion 3.1). We further propose that extragalactic neutri-
nos from AGN jets (section 3.2) and SFGs (section 3.3)
may be the possible source of IC neutrinos (section 3.2).
Finally section 4 is conclusion and discussion.
2. GALACTIC ORIGIN
The first question we need to ask about the IC detected
neutrinos is whether they can be produced in the Milky
Way (MW), including the contribution by point sources
and the diffuse neutrinos from CR propagation. Here
we will derive the neutrino flux by extrapolation of the
γ-ray spectrum from Fermi-LAT observations, and then
compare it with the IC detected flux.
Both γ-rays and neutrinos can be produced by the in-
teractions between CR particles and medium matter (pp)
or background photons (pγ). We can simply consider
only pp interactions and neglect pγ because the back-
ground photons are relatively rare and pγ time scale is
much longer than pp collisions.
In the case of pp collisions, the flux ratio of π+’s, π−’s
and π0’s is ∼ 1 : 1 : 1 at high energies. Neutrinos are
produced via charged pion’s decay: π+ → e++ νe+ ν¯µ+
νµ, π
− → e− + ν¯e + νµ + ν¯µ. Each neutrino carries one
quarter of the pion’s energy . Photons are produced via
neutral pion’s decay, π0 → γ+γ, and each photon carries
one half of pion’s energy. The flavor ratio of the produced
neutrinos is (νe + ν¯e) : (νµ + ν¯µ) : (ντ + ν¯τ ) = 1 : 2 : 0,
and after oscillation the flavor ratio detected on earth
becomes (νe + ν¯e) : (νµ + ν¯µ) : (ντ + ν¯τ ) = 1 : 1 : 1
(Particle Data Group 2012). The number ratio of γ-rays
and each flavor of neutrinos generated via the processes
above is ∼ 1 : 1 : 1 : 1, so the relation between the
detected fluxes of diffuse π0-decay γ rays and single flavor
neutrinos at energies Eγ ≃ 2Eνα (α = e, µ or τ) is
E2γΦγ(Eγ) ≃ 2E
2
ναΦνα(Eνα ). (3)
Note that we neglect any attenuation of the γ-rays be-
low 100 GeV, which we use, in the sources and during
propagation.
2.1. Cosmic ray propagation in the Milky Way
Consider the diffuse neutrino flux from the MW. After
the Galactic CRs escape from their sources, they propa-
gate through the ISM. CR particles are being scattered in
the Galactic magnetic fields and diffuse away from their
sources, interacting with ambient gas. The hadronic in-
teractions produce not only neutrinos but also γ-rays.
Given the connection of the neutrino and γ-ray flux, we
can use the observed γ-ray flux to predict or constrain
the neutrino flux.
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Fig. 1.— The extrapolated spectra of diffuse Galactic neutri-
nos. The red and black lines represent the single flavor neutrino
flux of extrapolation with particle indices −2.6 and −2.75, respec-
tively. The green dashed line is the (all sky integrated) flux of
IC-detected extraterrestrial neutrinos, E2νJν,IC, and the blue dot-
ted line represents the background of atmospheric muon neutrinos.
Fermi-LAT has provided a deep survey of the whole
sky, from which the diffuse Galactic emission (DGE)
has been obtained by subtracting the contribution
from the detected point sources and the instrumen-
tal and extragalactic background from the total flux
(Ackermann et al. 2012a). the DGE consists of not only
π0-decay γ-rays but also bremsstrahlung γ-rays of elec-
trons and positrons, IC γ-rays from electrons (positrons)
scattering cosmic microwave background (CMB) pho-
tons, and other components. Here we consider the total
DGE flux as the upper limit of π0-decay γ-ray flux.
Following Ackermann et al. (2012a), the entire sky
can be dived into three regions, so called ”local Galaxy”,
”inner Galaxy”, and ”outer Galaxy”. The LAT γ-ray
fluxes in different Galactic regions are shown in Table
1, with the data taken from Figs 12, 15, and 16 in
Ackermann et al. (2012a), respectively. The all sky in-
tegrated energy flux is the sum of the three regions,∑
E2γΦγi∆Ωi ≃ 7.47× 10
−3MeVcm−2s−1 at 100GeV.
The observed CR spectrum (Nagano & Watson 2000)
is roughly described as a power law with two spectral
breaks, i.e., the knee at∼ 3PeV and the ankle at∼ 5EeV.
The spectral index is ∼ −2.75 below the knee, and ∼ −3
between the knee and the ankle. Beyond the ankle the
CR spectrum flattens with an index of ∼ −2.75, and
then a cutoff appears at ∼ 50EeV. The ankle feature
may suggest an extragalactic CR component starts to
dominates. Although the exact CR energy where the
transition from Galactic to extragalactic CRs happen is
under debates, it is generally believed that the CRs below
∼ 1EeV are of Galactic origin.
Both the daughter γ-rays and neutrinos are roughly a
constant fraction of the primary protons, Eγ ≈ 0.1Ep
and Eν ≈ 0.05Ep
6. Thus the γ-ray and neutrino spectra
both follow that of the Galactic CRs. We further assume
that the CR spectrum anywhere in the Milky Way is the
same as the one observed on Earth. Therefore we set the
6 Comes from the fact that each pion carries∼ 1/5 of the primary
proton’s energy.
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diffuse Galactic neutrino spectral index α = −2.75 for
energies of 50GeV - 150TeV, and a fixed index β = −3
for energies of 150TeV - 50PeV for simplification.
Assuming that the DGE all comes from π0-decay pho-
tons, with Equation (3) and the all sky integrated γ-ray
flux from Table 1, we obtain an upper limit to the flux of
the diffuse Galactic neutrinos, E2νJν =
∑
E2νΦνi∆Ωi ≃
3.74 × 10−6GeVcm−2s−1 (i = Local, inner, ourter) at
Eν = 50 GeV. The extrapolation of neutrino flux from
Eν = 50 GeV to 50 PeV with spectral profile assumed
above is shown in Fig. 1, which is significantly below the
IC detected neutrino flux, E2νJν,IC.
We also assume another harder CR spectrum with in-
dex of −2.6, then the single-flavor diffuse neutrino flux
at Eν = 60 TeV is E
2
νJν = 5.31 × 10
−8GeVcm−2s−1,
which is still about 3 times lower than the IC detected
flux. Therefore the IC detected neutrinos can not be
produced by CR propagation in the MW, unless the CR
spectrum observed on Earth is not universal in the MW,
and can be much harder than −2.7, so that the DGE at
Eγ > 100 GeV can be much harder as well. In order to
account for the IC detected neutrino flux at Eν = 1 PeV,
the γ-ray spectrum should be extrapolated from 100 GeV
with a photon index of Γ ∼ −2.3. Consider a spectral
break, corresponding to the CR knee, and the index of
β = −3 above the knee, even harder spectrum below the
knee is required, Γ ∼ −2.2.
2.1.1. Galactic halo
Taylor et al. (2014) recently propose that CRs pro-
duced by a Galactic-center outflow may propagate into
an extended Galactic halo of a size Rh ∼ 100 kpc and
a mass Mh ∼ 10
11M⊙, and lose most of their energy
by pp interactions. Given the IC flux and the size, the
total PeV-neutrino luminosity of the Galactic halo will
be Lν ≈ 4πR
2
hE
2
νΦν ≈ 10
39erg s−1. According to our
constraint, this requires that the DGE at &TeV (with-
out background radiation absorption) should be flatten
to be an index of −2. This is not in confliction with cur-
rent observations. However the following argument may
not favor this proposal for IC neutrinos.
Let us estimate the total neutrino flux from all the
galaxies in the universe since we expect the other galax-
ies, especially those similar to the MW, also produce neu-
trinos in their halos. The neutrino energy density in the
universe can be estimated to be uν ≈ ξzLνρGtH, where
Lν is the typical neutrino luminosity of each galaxy, ρG
is the galaxy number density, tH is the Hubble time scale,
and ξz accounts for the redshift evolution of the neutrino
production rate density in the universe. Thus the neu-
trino intensity is Iν = (c/4π)uν = ξz(c/4π)LνρGtH. The
star formation rate (SFR) density in the local universe is
ρSFR = 0.015M⊙yr
−1Mpc−3 (Hopkins & Beacom 2006),
while the SFR in the MW is SFRMW ≈ 2M⊙yr
−1
(Chomiuk & Povich 2011), thus we can estimate ρG ≈
ρSFR/SFRMW ≈ 10
−2Mpc−3. If the neutrino produc-
tion rate evolves following the SFR density or the AGN
activity in the universe, then ξz ∼ 3 (Waxman & Bahcall
(1999)). Taking Lν ∼ 10
39erg s−1 and tH ∼ 10Gyr, we
have Iν ∼ 3× 10
−7GeVcm−2s−1sr−1. This is more than
an order of magnitude larger than the IC observed flux.
Therefore in order for the IC excess being contributed
by the Galactic halo emitted neutrinos, our MW is re-
TABLE 2
γ-ray fluxes of 2FGL sources at 100GeV.
Source type E2γJγ(100GeV)/GeVcm
−2s−1
Galactic 1.29× 10−7
spp 5.77× 10−8
pwn 4.04× 10−8
psr 1.39× 10−8
snr 1.21× 10−8
glc 4.01× 10−9
hmb 5.06× 10−10
nov 1.60× 10−13
US 2.58× 10−7
extragalactic 1.43× 10−6
Note. — Following the 2FGL, the abbreviations used for the
Galactic source types are: spp: special case (potential association
with SNR or PWN); pwn: pulsar wind nebula; psr: pulsar (include
both those identified by pulsations and those no pulsations seen in
LAT yet); snr: supernova remnant; glc: globular cluster; hmb:
high-mass binary; and nov: nova.
quired to be either an unique galaxy or acting actively
in a special phase.
2.2. Galactic point sources
Next consider the contribution of Galactic point
sources by pp interactions in the sources. Fermi-LAT
has detected many new sources in sky survey. The LAT
2-year Point Source Catalog (2FGL) contains 1873 high
energy γ-ray sources detected by LAT during the pe-
riod of August 4, 2008 to July 31, 2010 (Nolan et al.
2012). Among these sources, there are 195 Galactic
sources, 1102 extragalactic sources, and 576 unknown
sources (US). The spectral shapes of these sources are
divided into three types: power law, pow law with ex-
ponential cutoff, and log-parabola. We calculate photon
fluxes from each source at 100GeV with the given spec-
tral parameters in 2FGL. The total fluxes for different
types of sources at 100GeV are shown in Table 2. We ob-
tain that the total fluxes of identified Galactic and US at
Eγ = 100 GeV are E
2
γJγ,MW = 1.29×10
−7GeV cm−2s−1
and E2γJγ,MW = 2.58× 10
−7GeV cm−2s−1, respectively.
A significant fraction of the USs may be Galactic other
than extragalactic sources. We estimate the contribution
of those USs that are of Galactic origin to the γ-ray flux
on Earth.
According to 2FGL, we show the Galactic latitude
distribution of γ-ray flux of identified Galactic sources
and USs at Eγ = 100 GeV in Fig. 2. The US dis-
tribution consists of Galactic and extragalactic compo-
nents. We assume that the Galactic latitude distribu-
tion of the Galactic USs follows the same shape of the
identified Galactic sources, and that the extragalactic
one is isotropically distributed. We should subtract the
isotropic extragalactic component from the total US flux
to obtain the flux of Galactic USs. By comparing the lat-
itude distributions of the identified Galactic sources and
the USs, we can find that the emission at | sin b| > 0.1
is dominated by extragalactic component. Subtracting
an isotropic background flux to all the sin b bins, the ex-
pected contribution of USs to the Galactic point source
flux is E2γJγ ∼ 1 × 10
−7GeVcm−2s−1 at Eγ = 100 GeV.
So the total γ-ray flux of all Galactic point sources (in-
cluding identified sources and USs) is E2γJγ ≈ 2.3 ×
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10−7GeVcm−2s−1. With Eq. (3), the neutrino flux at
Eν = 50 GeV is E
2
νJν ∼ 1.1× 10
−7GeVcm−2s−1.
We assume that the neutrino spectrum is flat E2νΦν ∝
E0ν . This may be an optimistic estimate of the neu-
trino flux because CR spectrum is expected to be flat
in a strong shock, and the secondary γ-ray and neutrino
spectra follow the CR spectrum. So the expected PeV
neutrino flux from Galactic point sources is
E2νJν,point ≈ 1.1× 10
−7GeVcm−2s−1, (4)
not larger than the IC excess.
Following the discussion by Nolan et al. (2012) (their
section 5.4), the contribution of USs to the Galactic
source neutrino flux can be even lower, and the above
conclusion may be more robust: (1) Despite the flux of
USs increases sharply in Galactic plane, it is attributable
to the relative lack of sources at |b| < 10◦ in many of the
extragalactic source catalogs used for source identifica-
tion; (2) The USs in galactic plane with curved spec-
tra tend to cluster in bright Galactic diffuse emission
regions, suggesting that at least a fraction of them may
be DGE maxima, that are not adequately modeled by
DGE model; (3) Some USs may be unreal because there
are much more fraction (51%) of USs with doubt being
a source in contrast to the fraction of identified sources
(14%). Moreover, the γ-ray flux may be dominated by
electron emission, other than pp interactions. In con-
clusion, the flux of PeV neutrinos from Galactic point
sources may be far below that in equation (4), and may
not reach the IC excess flux.
3. EXTRAGALACTIC ORIGIN
Since Galactic origins of IC neutrinos are not favored,
we turn to discuss the extragalactic origin.
The scenario that the IC neutrinos are cosmogenic neu-
trinos produced via pγ interactions between CR particles
and cosmic background photons is disfavored, because
normalizing the expected neutrino flux to that observed
by IC at 1 PeV leads to an over predicted neutrino flux
at EeV range (Roulet et al. 2013; Laha et al. 2013)7. We
discuss the other extragalactic neutrinos sources below,
i.e., GRBs, AGN jets, and starburst galaxies (SBGs).
3.1. Gamma-ray bursts
GRBs have long been proposed to be a strong can-
didate of the source of ultrahigh energy (UHE) CRs
(Waxman 1995), and the pγ collisions are expected to
produce intense neutrino emission around PeV range
(Waxman & Bahcall 1997), consistent with the current
IC constraint on the neutrino spectrum. It is interesting
to check whether GRB neutrinos can account for the IC
diffuse neutrinos. In the following, assuming first that
GRBs are the IC neutrino source, we estimate the aver-
age neutrino flux of a triggered GRB, which should be
compared to the upper limit IC puts on the triggered
GRBs. By doing this, we should assume that the neu-
trino flux from a GRB is proportional to the MeV-range
flux.
For a γ-ray detector monitoring the whole sky with a
7 CR propagation in CMB may still produce IC neutrinos in
some specific cases (Kalashev et al. 2013).
sensitivity of pth, the GRB trigger rate is
N˙trig =
∫ zmax
0
R(z)
1 + z
dV
dz
dz
∫ ∞
pth4piD2Lk(z)
φ(L)dL, (5)
where R(z) is the redshift dependence of GRB rate den-
sity, φ(L) is the GRB luminosity function, DL is the
GRB luminosity distance, dV/dz is the volume-redshift
relation of the universe, and k(z) corresponds to k-
correction, depending on GRB spectrum and detector
energy range (see below). The (time averaged) γ-ray
flux from triggered GRBs is
Φtrig =
∫ zmax
0
R(z)
4πD2L(1 + z)
dV
dz
dz
∫ ∞
pth4piD2Lk(z)
E(L)φ(L)dL,
(6)
whereas the total one, including the contribution from
untriggered GRBs is
Φtot =
∫ zmax
0
R(z)
4πD2L(1 + z)
dV
dz
dz
∫ ∞
0
E(L)φ(L)dL.
(7)
Here E is the GRB energy, for which we simply assume
E ∝ L.
Recently the GRB rate density and luminosity func-
tion have been well constrained by using the large sam-
ple of Swift GRBs with redshift measurement (Lien et al.
2014):
R(z) = R(0)
{
(1 + z)n1 z < z1
(1 + z1)
n1−n2(1 + z)n2 z ≥ z1
(8)
φ(L) = φ0
{
(L/L∗)
x L < L∗
(L/L∗)
y L ≥ L∗
(9)
where R(0) = 0.84Gpc−3yr−1, z1 = 3.6, n1 = 2.07, n2 =
−0.7, L∗ = 10
52.05erg s−1, x = −0.65, y = −3, and φ0 is
defined such that
∫∞
0
φ(L)dL ≡ 1. For Fermi-GBM the
threshold is pth = 0.71 photons cm
−2s−1 in the energy
range of 50-300 keV (Meegan et al. 2009). In this case
we write
k(z) =
∫ 10MeV
1keV
ǫn(ǫ)dǫ∫ 300keV (1+z)
50keV (1+z)
n(ǫ)dǫ
, (10)
where n(ǫ) is the GRB spectrum in the rest frame, for
which we assume a broken power law with photon in-
dices of α = −1 and β = −2.2 and a sharp break at
ǫbreak = 511 keV. We will take zmax = 8 and assume a
flat ΛCDM universe with Ωm = 0.27, ΩΛ = 0.73, and
H0 = 71km s
−1Mpc−1.
The GBM trigger threshold is pth = 0.71 photons
cm−2s−1 (Meegan et al. 2009). There were 183 GRBs
triggered between 2008 July 11 and 2009 March 31, cor-
responding to a GRB trigger rate of ∼ 260 burst yr−1
(Meegan et al. 2009). Taking into account the Earth oc-
cultation and the South Atlantic Anomaly passage, only
65% of GRBs above the GBM threshold can be detected
(Liu & Wang 2013). So for a detector monitoring all
sky with the GBM threshold, the trigger rate should
be N˙trig ≈ 400yr
−1. On the other hand, if pth =0.7,
0.5, and 0.3 photons cm−2s−1, we can calculate with
the above formula that N˙trig =220, 306, and 480 yr
−1,
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Fig. 2.— The Galactic latitude distribution of the γ-ray flux at 100 GeV from identified Galactic sources (left) and USs (right). The
point sources are separated into bins with equal ∆ sin(b), so that the isotropic distribution corresponds to an uniform distribution along
sin(b) bins.
and Φtrig/Φtot =0.71, 0.75, and 0.8, respectively. To ob-
tain the GBM trigger rate N˙trig = 400yr
−1 one needs
pth = 0.37 photons cm
−2s−1.
Taking N˙trig = 400 yr
−1 and Φtrig/Φtot = 0.7, if
GRBs can account for the IC neutrino flux fIC =
E2νJν,IC log(2PeV/60TeV) = 2.3×10
−7GeVcm−2s−1 (4π
integrated and single flavor), the average neutrino fluence
of a GBM-triggered GRB is required to be
Ftrig =
fIC
N˙trig
Φtrig
Φtot
= 1.3×10−2
Φtrig
0.7Φtot
400yr−1
N˙trig
GeVcm−2.
(11)
The pγ interactions produce not only neutrinos but also
γ-rays, which generate electromagnetic cascade emis-
sion in GeV energy range, which can be observed by
Fermi-LAT. Using the neutrino and γ-ray connection,
the Fermi-LAT observations of GRBs help to constrain
that the average neutrino fluence from a GBM triggered
GRB is (Li 2013)
FLAT−bound ∼ 2× 10
−3GeVcm−2, (12)
smaller than the required neutrino flux (equation 11).
The IC has also given an upper limit to the neutrino
fluence from a triggered GRB (averaged over 215 GRBs),
FIC−bound ≈ E
2Fν × log(10)/215 = 7 × 10
−4GeVcm−2
(using E2Fν ≈ 0.15GeVcm
−2; see Fig.1 in Abbasi et al.
(2012)). This is also smaller than required, although
the comparison is not straightforward because these 215
GRBs include not only those detected by GBM but also
the other detectors.
Thus we reach the conclusion that GRB neutrinos
may not account for the IC detected neutrinos (though
the other GRB neutrino models that cannot be con-
strained by the neutrino-γ-ray connection may still work
(Murase & Ioka 2013)).
It may be noted that the reported GBM threshold
and GRB detection rate seem not completely consistent
with the GRB redshift and luminosity distributions de-
rived by Lien et al. (2014). However our result of us-
ing N˙trig = 400 yr
−1 and Φtrig/Φtot = 0.7 is robust
since Φtrig/Φtot ∼ 0.7 is not sensitive to pth and tak-
ing N˙trig ∼ 200 yr
−1 (for GBM threshold value) even
enhances the neutrino emission (eq (11)).
Our conclusion is similar to Liu & Wang (2013),
but the main difference in between is the following.
Liu & Wang (2013) use several assumptions of the GRB
model, e.g., the jet Lorentz factor, the variability
timescale, the fraction of energy in accelerated protons,
etc., in order to calculate the neutrino production. Here
we only need to assume that the neutrino flux is propor-
tional to the γ-ray one (eq (11)). This may be reasonable
given that the MeV γ-rays essentially carry away all the
energy of electrons which probably carry some constant
fraction of the total jet energy, and that the neutrinos
carry away some constant fraction of the energy of pro-
tons which also may carry some constant fraction of the
total jet energy. These may be true in a statistical point
of view, although it may not hold for individual GRBs.
3.2. Jets of active galactic nuclei
AGN jets have long been predicted to be high energy
CR and neutrino sources, and the dominant contribu-
tion of neutrino emission may be quasar hosted blazars,
in particular, the flat spectrum radio quasars (FSRQ;
e.g., Murase et al. 2014), where the high energy neutrino
production is due to photopion interactions between jet
produced CRs and the external broadline and dust radi-
ation.
FSRQs are also bright in γ-ray emission, which is pos-
sible to be produced by the primary electrons acceler-
ated in the jets accompanying the production of high
energy CRs. We may use the Fermi-LAT observations
of FSRQs to make constraint on neutrino production.
Ajello et al. (2012) has reported the luminosity func-
tion and redshift evolution of the Fermidetected FSRQs,
which imply that the diffuse γ-ray flux from FSRQs is
4.1× 10−6MeV cm−2s−1sr−1 from ∼ 0.1 MeV to 10 GeV
range (Figure 11 therein), i.e., a whole sky integrated
flux of
fγ = 5.1× 10
−5GeV cm−2s−1. (13)
Compared with IC flux we have the ratio of neutrino
to γ-ray flux, rν/γ = 3fIC/fγ ≃ 1.4 × 10
−2, where the
factor 3 comes from the equal flux in the three neu-
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trino flavors. This ratio is consistent with the estimated
photomeson production efficiency for CR protons above
the threshold for interacting with the broadline emis-
sion, fpγ ∼ 5 × 10
−2fcov,−1L
1/2
AD,46.5, where fcov is the
cover factor of the broadline emission region and LAD
is the accretion disk luminosity (Murase et al. 2014), if
jet-produced high energy electrons and CRs have com-
parable energies and a significant fraction of CRs lies
above the threshold of photopion production. Therefore,
FSRQs may produce diffuse neutrinos with a flux com-
parable to IC detection.
However, AGN jets may have difficulty in producing
the detected, flat neutrino spectrum from tens TeV to few
PeV (Winter 2013; Murase et al. 2014). Because the low
energy radiation peaks at infrared to UV range, the pho-
topion interactions tend to produce high neutrino flux
at >PeV, in contrast to the IC observation which ap-
pears as lack of neutrinos above few PeV. Because of
the decreasing radiation above UV frequency, the pre-
dicted neutrino flux decreases fast below PeV range, also
in contrast to the IC observation. Thus the . 100TeV
neutrinos may need the other origins instead of AGNs,
and future observations at EeV range are needed to test
the high neutrino flux from AGN jets.
3.3. Starburst galaxies
Starburst galaxies (SBGs) have been expected to
be promising neutrino sources (Loeb & Waxman 2006),
given that they are strong CR sources and that the
high density ISM and high magnetic field lead to high
efficiency of CR energy loss by pp collisions. CRs
at . 100 PeV may significantly lose their energy
(Loeb & Waxman 2006). It is noticed that the IC neu-
trino flux is well consistent with the Waxman-Bahcall
bound (Waxman & Bahcall 1999), which may suggest
that all the CR energy is lost in pion production.
Fermi-LAT has detected several SBGs in 0.1−100 GeV
range(Ackermann et al. 2012b). By comparing with
their SFRs estimated by radio and far infrared detec-
tions, we have the γ ray luminosity and SFR relation in
SBGs (Ackermann et al. 2012b; Katz et al. 2013)
νLν(GeV)/SFR ≈ 10
46erg/M⊙ (14)
(where L0.1−100GeV ∼ 7νLν(GeV) is used). As-
suming this relation to be universal, the GeV γ-
ray production rate density in the local universe
is E2γQγ(GeV) = ρSFR(νLν(GeV)/SFR) ≈ 1.5 ×
1044erg yr−1Mpc−3. The GeV γ-ray intensity (without
attenuation) is E2γΦγ(GeV) = ξztH(c/4π)E
2
γQγ(GeV) ≈
3.4 × 10−7(ξz/3)GeVcm
−2s−1sr−1. The neutrino and
γ-ray connection in pp collisions leads to the neu-
trino intensity in GeV range of E2νΦν(0.5GeV) =
(1/2)E2γΦγ(GeV) = 1.7 × 10
−7(ξz/3)GeV cm
−2s−1sr−1,
which is one order of magnitude higher than the IC
detected flux at PeV scale. However, as suggested by
CR confinement time (∝ E−0.5p ) and CR spectral slope
(∝ E−2.7p ) measurement of CRs in MW, the spectrum of
injected CRs may be dnp/dEp ∝ E
−2.2
p . If the CRs lost
most of their energy in pp interactions then the neutrino
spectral slope follows that of the CRs, and the neutrino
flux at PeV scale extrapolated from GeV range is
E2νΦν ≈ 10
−8 ξz
3
(
Eν
1PeV
)−0.2
GeV cm−2s−1sr−1. (15)
consistent with IC detection. Moreover, two SBGs,
NGC253 and M82, have been detected in TeV range,
which show TeV flux lower than GeV one by about
one order of magnitude (Ackermann et al. 2012b). Thus
Fermi-LAT observations suggest that neutrinos from pp
interaction in SBGs may account for the IC detection.
The calculation above does not consider that the lo-
cal SFR density is dominated by normal star forming
galaxies other than SBGs. However it is suggested in ob-
servations that most of the stars in the universe formed
in SBGs at high redshift z ∼ 2 − 4 (Reddy et al. 2005;
Juneau et al. 2005), thus the neutrino production is dom-
inated by SBGs at z & 2. The above calculation is avail-
able since the local neutrino production does not con-
tribute significantly to the total neutrino flux.
4. CONCLUSION AND DISCUSSION
Using Fermi-LAT observations and with the neutrino
and γ-ray connection, we have constrained the origin of
IC neutrinos. The main conclusions are below:
First, the diffuse Galactic neutrino emission from CR
propagation in MW cannot account for the IC detected
neutrino flux if the CR spectral slope ∝ E−2.75p is univer-
sal in MW. In order to account for the IC neutrinos at
PeV scale, the DGE spectral slope at > 100 GeV should
be harder than Γ ∼ −2.3.
We obtain that the upper limit to the diffuse Galactic
neutrino flux at 60 TeV is ∼ 3 times lower than the IC
excess by considering that the total Fermi-LAT detected
emission is from pp interactions. However, pp interac-
tions only contribute a fraction of the DGE. By the mod-
eling of Ackermann et al. (2012a), the π0-decay photons
contribute to ∼ 1/3 of the total LAT flux in the “local”
and “outer Galaxy”, and ∼ 1/2 of the total LAT flux in
the “inner Galaxy”. The expected diffuse Galactic neu-
trino flux should be at least a factor of ∼ 2 lower than
the upper limit we obtain, so the diffuse Galactic neu-
trino flux may contribute to ∼ 10% of the IC detected
neutrino flux.
A study of the Galactic latitude distribution of the de-
tected neutrinos would be more powerful test than only
considering the total neutrino flux, but needs much more
statistics of neutrino events. Future IC detection of the
latitude distribution should be compared with the pre-
diction of Stecker (1979). On the other hand, the detec-
tion of diffuse PeV photons would be more direct test
(Ahlers & Murase 2013), other than extrapolation of γ-
ray spectrum from GeV to PeV scale. However, the cur-
rent TeV-PeV photon detections only cover limited parts
of the sky, e.g., biased in the Northern Hemisphere, in
contrast to Fermi-LAT’s deep survey of the whole sky.
Second, the high energy γ-ray point sources in MW
cannot account for the IC excess, unless the γ-ray spectra
of these sources at > 100 GeV is unexpectedly harder
than a flat spectrum with photon index Γ = −2.
The point source spectral indices beyond 100 GeV
are the main uncertainty. However, photons from some
types of sources, such as pulsars, are not hadronic dom-
inant at 100GeV, which further reduces the expected
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flux from point sources. Moreover, the Galactic point
sources concentrate on the Galactic disk, very different
from the sky location of IC neutrinos, which is consistent
with isotropic distribution. It should also be mentioned
that although the neutrino flux from Galactic sources
can hardly reach IC excess, both are in the same order
of magnitude, suggesting that the Galactic sources may
contribute to a fraction of IC neutrinos.
Again, the Galactic latitude distribution of detected
neutrinos is more powerful and straightforward test to
the Galactic point source origin. The IC-detected neutri-
nos arriving from high Galactic latitudes seem to disfavor
the Galactic point source origin, but more detections of
neutrinos in the future are required to study the latitude
distribution with high confidence level.
Third, neutrino productions in GRB jets may not ac-
count for the IC neutrino flux. This is based on the as-
sumption that in GRBs the neutrino flux is proportional
to the γ-ray flux. We have used the LAT observations of
GRB GeV emission to constrain neutrino flux. As time
goes by, IC collects more observational results on GRBs,
the constraint on GRB neutrino will be more and more
stringent.
Our method is applied to the classic GRBs with
the common picture that the neutrino production oc-
curs in the region where the main burst of MeV
γ-rays are produced, e.g., the internal shock region
(Waxman & Bahcall 1997). Thus we do not constrain
the neutrino production when the jet is still deep in-
side the GRB progenitor (Me´sza´ros & Waxman 2001).
Murase & Ioka (2013) find that low-power jets inside pro-
genitors of GRBs may produce higher flux of TeV-PeV
neutrinos. It would be important to measure the emis-
sivity in the universe by more observations of these “low
power GRBs”.
Forth, Fermi-LAT observation suggests that AGN jets
may produce neutrino flux as high as the IC flux. How-
ever, AGN jets may have difficulty in explaining the flat
spectrum from tens TeV to few PeV detected by IC. AGN
jets may not account for the tens-TeV neutrinos detected
by IC, and the future EeV neutrino experiments would
be important to test the predicted AGN neutrino flux.
For the AGN jet produced neutrinos to reach the IC
detected flux, their local universe CR generation rate
should be 10− 100 times larger than the local UHE CR
emissivity, because of the low photopion production ef-
ficiency (Murase et al. 2014; Dermer et al. 2014). This
is in contradiction with the consistency between IC de-
tected neutrino flux and Waxman-Bahcall bound, un-
less that CR energy production rate decreases sharply
by 10− 100 times from ∼ 100 PeV to ∼ 1019eV.
Finally, we use the Fermi-LAT detections of individual
SBGs to constrain the PeV neutrino flux from SBGs, and
find that they can account for the IC excess. Liu et al.
(2013) have considered the neutrino emission from star
forming galaxies, including SBGs, to explain the IC neu-
trinos. They use a more specific model, instead of the
γ-ray and neutrino connection as we emphasize here.
It should be noted that Waxman & Bahcall (1999)
have derived an maximum diffuse neutrino flux by as-
suming all CRs lose energy in pion productions and nor-
malizing the neutrino flux to the UHE CR production
rate density. The 60TeV-2PeV neutrino flux detected by
IC turns out to match the predicted Waxman-Bahcall
bound, which implies that the CRs in 1− 100 PeV is the
same component as the UHE CRs (Katz et al. 2013) and
all the CR energy is lost in pion production.8
As there is no bright AGNs in the local universe within
the UHE CR energy loss length (∼ 100 Mpc; due to in-
teraction with cosmic microwave background photons),
GRBs are the more promising sources for UHE CRs.
Thus, a likely explanation to the IC neutrinos is that the
CRs corresponding to the IC neutrinos are also produced
by GRBs. These CRs do not lose significant fraction of
their energy in GRB jets, as constrained by Fermi-LAT
and IC observations of GRBs, but they lose most energy
after escaping from GRB jets and propagate in GRB host
galaxies, which are mostly SBGs. Future deeper observa-
tions of high energy γ-rays and neutrinos from individual
GRBs and SBGs by, e.g., CTA and IC, etc, can test this
interpretation (e.g., Aartsen et al. 2014b).
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